Cellulose biosynthesis is best understood at present for the gram-negative bacterium Acetobacter xylinum (23) . In addition to knowledge obtained from ultrastructural and biochemical investigations, studies in the past few years have led to the identification of genes that are involved in cellulose production in this bacterium (28-30, 33, 34) . Operons carrying the gene(s) for cellulose synthase along with other genes have been described for two strains of A. xylinum (28, 34) . Although the operons isolated from these two strains are similar, a difference in the number(s) of genes coding for cellulose synthase in these two operons is observed. In the bcs operon isolated from A. xylinum 1306-3, the bcsA and bcsB genes are believed to code for two subunits, BcsA and BcsB, of cellulose synthase (16, 34) . In A. xylinum ATCC 53582, a single gene, acsAB, in the acs operon has been shown to code for cellulose synthase, which is synthesized as a polypeptide (AcsAB) with a molecular mass of 168 kDa (28) . The BcsA and BcsB polypeptides are homologous to the N-terminal half and C-terminal half, respectively, of the AcsAB polypeptide. Among the genes present in the acs/bcs operon, only acsAB/bcsA and bcsB have clearly defined functions, namely, coding for the cellulose synthase activity. The acsC/bcsC and acsD/bcsD genes are required for normal cellulose production in vivo; however, the precise functions of the polypeptides encoded by these genes are not clearly understood at present (28, 34) . Recently, two more genes localized upstream of the acs/bcs operon have been identified, and though the function of one of these genes is not known, it is required for cellulose synthesis in vivo (33) . The other gene codes for carboxymethyl cellulose-hydrolyzing activity; however, the biological function of this gene is not known (33) . The structural genes for phosphoglucomutase and UDP-glucose pyrophosphorylase, which are involved in the synthesis of the cellulose synthase substrate UDP-glucose, have also been cloned from A. xylinum (4, 5) .
The function of the acsAB/bcsA and bcsB genes in the polymerization step of cellulose production was confirmed from sequence comparisons as well, in which the cellulose synthase polypeptide sequence was found to show homology with other ␤-glycosyl transferases (28) . Analysis of the homologous sequences by hydrophobic cluster analysis (HCA) showed the presence of two conserved domains in processive transferases, while only one of these domains was present in transferases that added a single sugar residue (27) . The identification of these domains will be useful in assigning possible roles for sequences with unknown functions. This may be especially helpful in identifying cellulose synthases from other organisms. Interestingly, open reading frames (ORFs) coding for polypeptides homologous to the acsAB/bcsA, bcsB, and acsC/bcsC gene products have been identified for Escherichia coli, although at present the roles of these ORFs in E. coli remain unknown (32) .
Early on, the analysis of mutants for cellulose biosynthesis had suggested the presence of more than a single gene for cellulose synthase in A. xylinum; however, these mutants either were spontaneous or were obtained following nitrosoguanidine treatment (26) . Following the identification of a cellulose-synthesizing operon, insertions were obtained in each of the three genes (acsAB, acsC, and acsD) of the acs operon, and the resulting mutants were analyzed for cellulose production in vivo and cellulose synthase activity in vitro. Mutants with insertions in the acsAB or acsC gene showed loss of cellulose production in vivo, yet in vitro cellulose synthase activity was observed in the membrane fraction prepared from these mutants (28) . These results provided further evidence for the presence of another gene(s) for cellulose synthase and led to the identification of a second cellulose synthase gene (acsAII) in A. xylinum AY201. The acsAII gene described in this report is homologous to the complete acsAB gene, which was originally described as two separate genes (28) . Analysis of the acsAII gene shows that though it is expressed in A. xylinum cells, its role in the production of cellulose, as tested under laboratory conditions, is not known at present.
MATERIALS AND METHODS
Bacterial strains and plasmids. Table 1 lists the bacterial strains and plasmids used in this study.
Reagents and enzymes. Ampicillin, kanamycin, and lysozyme were purchased from Sigma Chemical Co. 5-Bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) and the Sequenase version 2.0 DNA sequencing kit were obtained from United States Biochemical. Isopropyl-␤-D-thiogalactopyranoside (IPTG), phenol, restriction endonucleases, and T4 DNA ligase were from Bethesda Research Laboratories. The Prime-a-Gene labeling system was obtained from Promega Corporation. GeneScreen hybridization transfer membrane was purchased from NEN Research Products. [␣- 32 Media and growth conditions. A. xylinum strains were grown in SH medium (31) at 28ЊC either statically or on a rotary shaker. For preparation of A. xylinum cells that were not attached to the cellulose product, cellulase (0.1% Celluclast) was added to the culture medium 24 to 48 h before harvesting to digest the cellulose and give a uniform cell suspension. E. coli strains were grown in LB medium (15) at 37ЊC on a rotary shaker. For selection of resistance markers, antibiotics were used at the following concentrations unless indicated otherwise: ampicillin (100 g/ml) and kanamycin (50 g/ml).
DNA techniques. Total genomic DNA from A. xylinum was isolated by a procedure (18) modified from that of Dhaese et al. (8) . Plasmid DNA from 0.5-to 1.0-ml bacterial cultures was isolated according to the screening method of Birnboim (3). Large-scale purified plasmid DNA was prepared according to the procedure supplied with the Qiagen plasmid kit (20) . DNA fragments for cloning and preparation of radioactive probes were isolated from gel slices with the reagents and according to the protocol supplied with the Geneclean kit. Restriction enzyme digestions and DNA ligations were performed in the buffer supplied with the enzymes, according to the specifications of the supplier. For Southern hybridization, DNA was transferred from the agarose gel to GeneScreen hybridization transfer membrane essentially as described by Reed and Mann (21) . DNA probes were labeled with [␣- 32 P]dCTP with the Prime-a-Gene labeling system which was based on the method of Feinberg and Vogelstein (10) . Prehybridization and hybridization of immobilized DNA were done at 65ЊC in the buffer system described by Church and Gilbert (6) . Membranes were washed twice with 2ϫ SSC (1ϫ SSC is 0.15 M sodium chloride plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS) at room temperature, and when required, a high-stringency wash was performed in 0.2ϫ SSC only at room temperature. Both strands of the acsAII gene were sequenced with DNA fragments from plasmids pIS88, pIS167, and pIS30 cloned in the vectors M13 mp18 and M13 mp19. Sequencing was done according to the dideoxy-chain termination method (24) with the Sequenase version 2.0 kit and single-stranded DNA from M13 mp18 and M13 mp19 derivatives or double-stranded plasmid DNA.
Plasmid constructions. The A. xylinum AY201 HindIII fragment present in pIS88 was cloned in the vector pMAL-c to generate plasmid pIS119 (Fig. 1B) for expression of the acsAII gene in E. coli. The malE gene in this vector has an exact deletion of the signal sequence, leading to cytoplasmic expression of maltosebinding protein fusion proteins. Plasmid pIS895, used for disruption of the acsAII gene in wild-type and mutant strains of A. xylinum AY201 by plasmid integration, was constructed by cloning an 895-bp EcoRI-HindIII fragment from pIS88 into pUC19 (Fig. 1B) .
Genetic manipulations. Preparation and transformation of E. coli competent cells were performed according to the procedure of Miller (17) . Plasmid DNA was introduced by electroporation in cells of A. xylinum for the generation of mutants by plasmid integration. A. xylinum cells were prepared essentially as described previously (2), and plasmid DNA was purified by the Qiagen plasmid purification procedure (20) . Electroporation was performed in 0.1-cm-gap cuvettes with the Bio-Rad Gene Pulser apparatus attached to a pulse controller set at a field strength of 15 kV/cm and with the capacitor and the resistor set at 25 F and 200 ⍀, respectively. Following electroporation, A. xylinum cells were grown in SH medium for 3 h before plating on selective plates.
Enzyme assays. Cellulose synthase activity in membrane preparations of A. xylinum was determined according to the procedure of Lin and Brown (13) . For enzyme assays, approximately 150 g of membrane protein was incubated at 30ЊC for 30 min in a reaction mixture with a final concentration of 20 M UDP-[ 14 C]glucose and 20 M cyclic diguanylic acid (c-di-GMP) (gift from J. H. van Boom, Department of Organic Chemistry, Leiden, The Netherlands), and the radioactivity present in the alkali-insoluble product obtained after boiling was used to determine the cellulose synthase activity. Protein concentrations were determined by Peterson's modification of the micro-Lowry method (19) with a protein assay kit (Sigma).
Sequence analysis. Nucleotide and derived protein sequences were analyzed with version 7.0 of the Genetics Computer Group sequence analysis software package (7) . Percent identity and percent similarity for predicted amino acid sequences were determined by the BESTFIT program (gap weight and length weight, 3.0 and 0.1, respectively) of the Genetics Computer Group package. Transmembrane segments in the deduced amino acid sequences were predicted by the methods of Eisenberg et al. (9) and Klein et al. (11) with the PC/GENE program (IntelliGenetics, Inc.). A search of databases for sequences homologous to the acsAII gene product was performed with the BLASTP program (1). Nucleotide sequence accession number. The DNA sequence described in this paper has been assigned GenBank accession no. U15957.
RESULTS
Cloning and sequencing of the acsAII gene from A. xylinum AY201. To determine if the other gene(s) for cellulose synthase was homologous to the acsAB gene, a 1.4-kb EcoRI fragment from pIS532 (29) carrying part of the A. xylinum ATCC 53582 acsAB gene was used as a probe in Southern hybridizations with DNA from A. xylinum AY201 and ATCC 53582. As shown in Fig. 2A (lane 1) , the acsAB gene probe hybridized with two HindIII fragments from A. xylinum AY201. Hybridization of the probe DNA with the 9.5-kb HindIII fragment showed an intense signal, while hybridization of the probe with the 8.2-kb HindIII fragment resulted in a weak signal. A hybridization pattern identical to the one observed for A. xylinum AY201 was obtained when DNA from A. xylinum ATCC 53582 was probed in the same way (data not shown), confirming that the genomes of these two strains contain similar DNA sequences (28). The 9.5-kb HindIII fragment carries the complete acsAB gene and part of the acsC gene, and this fragment was initially cloned for isolation of the cellulose synthase gene from A. xylinum ATCC 53582 (29) . The weak signal following hybridization of the acsAB probe with the 8.2-kb HindIII fragments from A. xylinum AY201 and ATCC 53582 suggested the presence of a DNA sequence homologous to that of the acsAB gene on these fragments. An A. xylinum mutant, AY201::pIS44 (25) , in which the acsAB gene was disrupted by integration of a plasmid carrying a part of the acsAB gene, was also analyzed by Southern hybridization. Hybridization of the acsAB gene probe with fragments from the mutant showed a weak signal with the 8.2-kb HindIII fragment and intense signals from two new HindIII fragments (7.7 and 7.2 kb) instead of the 9.5-kb HindIII fragment (Fig. 2A, lane 2) , confirming the disruption of the acsAB gene in this mutant and the presence of a homologous DNA sequence on the 8.2-kb HindIII fragment. The 8.2-kb HindIII fragment from A. xylinum AY201 was cloned in the vector pUC18, and a recombinant plasmid, pIS88, carrying this DNA fragment, was obtained (Fig. 1B) . Sequencing of DNA fragments from this plasmid showed the presence of a large ORF. The deduced amino acid sequence of the polypeptide encoded by this reading frame showed similarities with the sequence of the cellulose synthase (AcsAB polypeptide) from A. xylinum ATCC 53582 (28) and with the sequences of the BcsA and BcsB polypeptides of A. xylinum 1306-3 (34) . Since the DNA sequence coding for the start of this polypeptide was not present on the 8.2-kb HindIII fragment, two more DNA fragments were cloned from A. xylinum AY201, resulting in plasmids pIS167 and pIS30 (Fig. 1B) . The location of the acsAII gene in the sequenced region is shown in Fig. 1A , and the DNA sequence of the acsAII gene is shown in Fig. 3 . The acsAII coding region begins at position 371 and ends at position 5158 of the nucleotide sequence, coding for a polypeptide of 1,596 amino acid residues with a predicted molecular mass of 175 kDa (Fig. 3) . Sequencing of DNA at the two ends of the acsAII gene has not led to the identification of any other gene at present, although an ORF extending from position 5265 to the end of the DNA sequence shown in Fig. 3 has been detected.
The presence of DNA fragments homologous to the A. xylinum AY201 acsAII gene was investigated for other strains of A. xylinum by Southern hybridization. When the 895-bp EcoRI-HindIII fragment from A. xylinum AY201, containing a region of the acsAII gene cloned in pIS895 (Fig. 1B) , was used as a probe, HindIII fragments of 9.5 and 8.2 kb (Fig. 2B, lane  3) and SmaI fragments of 2.5 kb and approximately 15 kb (Fig.  2B, lane 4) were observed in DNA digests of A. xylinum ATCC 53582. These DNA fragments were similar to the HindIII and SmaI fragments (Fig. 2B, lanes 1 and 2, respectively) observed following hybridization of DNA from A. xylinum AY201. At least two HindIII fragments in each of the A. xylinum strains ATCC 23768, ATCC 12733, and NQ1 showed hybridization with the A. xylinum AY201 acsAII gene (data not shown). As observed for hybridizations with A. xylinum AY201 and ATCC 53582, one fragment exhibited an intense signal and the other fragment(s) showed a weak signal. These observations provide evidence that a second cellulose synthase gene, one that is more closely related to the A. xylinum AY201 acsAII gene and is present on the DNA fragment showing an intense signal, also exists in other strains of A. xylinum.
Sequence analysis of the AcsAII polypeptide. The AcsAII polypeptide is predicted to be an integral membrane protein as determined by sequence analysis. According to the method of Eisenberg et al. (9), 13 membrane-associated helices were predicted in the AcsAII polypeptide, of which 8 were tentatively classified as transmembrane. Sequence analysis by the method of Klein et al. (11) predicted 10 transmembrane segments in the AcsAII polypeptide, with 9 of these segments present in the N-terminal half and a single transmembrane segment at the C-terminal end of the polypeptide. A search of the protein databases showed that AcsAII shared extensive sequence similarity with the known A. xylinum cellulose synthase sequences (28, 34) . The AcsAII and AcsAB sequences aligned over their entire lengths (68.7% similarity, 47.3% identity), while AcsAII residues 2 to 743 aligned with residues 4 to 754 of the BcsA polypeptide (73.4% similarity, 54.2% identity) and residues 748 to 1592 aligned with residues 4 to 802 of the BcsB polypeptide (65.1% similarity, 40.4% identity). AcsAII also showed strong sequence similarity to the predicted F692 and F779 polypeptides of E. coli (32) , with AcsAII residues 59 to 784 aligning with residues 5 to 692 of F692 (66.2% similarity, 44.1% identity) and residues 750 to 1586 aligning with residues 1 to 778 of F779 (55.5% similarity, 32.1% identity).
Sequence conservation has been observed in a globular region from a number of ␤-glycosyl transferases, and two domains were identified in the processive enzymes, including cellulose synthase, by hydrophobic cluster analysis (27) . Analysis of the AcsAII sequence by hydrophobic cluster analysis showed the presence of these two domains, and they were also observed in the F692 polypeptide of E. coli (32) . The two domains, A and B, are shown in a multiple alignment of the globular region from the known cellulose synthase sequences (AcsAB, BcsA, and AcsAII) and the E. coli F692 sequence (Fig. 4) . On the basis of their strict conservation in the ␤-glycosyl transferases that were analyzed (27) , three Asp residues and the sequence motif QXXRW in cellulose synthases (Fig. 4 , shown in boldface) are proposed to be involved in the catalytic activity and processivity, respectively.
Cellulose synthase activity in mutants of A. xylinum AY201 that have disruption of the acsAII gene. To determine if acsAII contributes to cellulose synthase activity, the acsAII gene in wild-type and acsAB mutants of A. xylinum AY201 was disrupted by integration of plasmid pIS895 in the genome, and disruption was confirmed by Southern hybridization (Fig. 2C) . Mutant AY201-895, in which only the acsAII gene was disrupted by insertion of pIS895, formed a normal cellulose pellicle, and the in vitro cellulose synthase activity in this mutant was found to be comparable to the wild-type activity (Table 2) . A. xylinum AY201 mutants in which both the acsAII and the acs operon genes were disrupted showed no cellulose production in vivo but exhibited reduced levels of in vitro cellulose synthase activity. The level of activity in these mutants correlated with the site of disruption in the acs operon. In mutants AY41-34-895 and AY95-4-1-895, in which synthesis of the AcsAII polypeptide was disrupted, only the N-terminal 411 and 853 residues, respectively, of the AcsAB polypeptide were synthesized as AcsAB-PhoA fusion proteins. These fusion proteins probably were sufficient for the low levels of cellulose synthase activity observed in the membrane fractions obtained from these mutants (Table 2) . A much larger region of the AcsAB (residues 1 to 1326) was synthesized as an AcsABPhoA fusion protein in mutant AY15-3-895, and this strain showed a relatively higher level of cellulose synthase activity (Table 2 ). Mutant AY95-1-1-895 synthesized the complete AcsAB polypeptide and an AcsC-PhoA fusion protein, and therefore the level of cellulose synthase activity in this mutant was found to be much higher than those of the other mutants (Table 2 ). These results show that negligible cellulose synthase activity is observed when an incomplete AcsAB polypeptide and no AcsAII polypeptide is synthesized. The observed cellulose synthase activity probably is contributed by the incomplete AcsAB-PhoA protein, the presence of which has been xylinum AcsAII (residues 139 to 378), AcsAB (residues 141 to 380), and BcsA (residues 141 to 380) polypeptides and the E. coli F692 (residues 85 to 324) polypeptide, showing location of domains A and B that were identified in processive ␤-glycosyl transferases (27) . Residues conserved in all four sequences shown here are marked with asterisks, and residues that are conserved in other ␤-glycosyl transferases as well (27) as predicted from the nucleotide sequence. However, when permeabilized cells and a membrane fraction from E. coli DH5␣MCR (pIS119) were assayed for cellulose synthase activity, no activity could be detected in vitro. This result suggests that the N-terminal region (residues 1 to 191) of the AcsAII polypeptide, which was not present in the fusion polypeptide, is essential for enzyme activity. Sequence analysis showed that this region contained a part of domain A (Fig. 4) that is presumably involved in the catalytic activity.
DISCUSSION
A. xylinum has at least two similar but nonidentical genes for cellulose synthase, acsAB and acsAII. The acsAII gene encodes a polypeptide, much like the large 168-kDa polypeptide encoded by the acsAB gene (28) , with a molecular mass of 175 kDa. Although acsAB and acsAII share sufficient DNA homology, the acsAII gene was not identified during cloning of the acsAB gene. The acsAB gene was isolated with an oligonucleotide probe that hybridized only with the A. xylinum ATCC 53582 9.5-kb HindIII fragment and showed no hybridization with any other DNA fragment (29) . In subsequent studies, when a region of the acsAB gene was used as a probe, a weak signal was also observed with an 8.2-kb HindIII fragment from A. xylinum ATCC 53582 and AY201, but the identification of the sequence for this fragment was not pursued at the time.
Incubation of purified cellulose synthase from wild-type A. xylinum ATCC 53582 with [ 32 P]azido-UDP-glucose always showed labeling of an 83-kDa polypeptide (14) , suggesting the presence of a single species of cellulose synthase in A. xylinum. To understand the changes in the nitrosoguanidine-induced mutant ATCC 53582-19, which produced highly reduced amounts of cellulose II in vivo yet exhibited normal levels of in vitro cellulose synthase activity (22, 26) , cellulose synthase was purified and analyzed by labeling with [ 32 P]azido-UDP-glucose (12) . Interestingly, a 75-kDa polypeptide was found to be labeled in the cellulose synthase from this mutant, and the Nterminal amino acid sequence determined for the 75-kDa polypeptide showed that it was not derived from the 83-kDa polypeptide (12) and that instead it was encoded by another gene. The N-terminal amino acid sequence determined for the 75-kDa polypeptide matches with the predicted N-terminal sequence of the AcsAII polypeptide, confirming that the cellulose synthase activity observed in the mutant was encoded by the acsAII gene.
It is unusual that the polypeptides encoded by the acsAB and acsAII genes have not been found together in purified cellulose synthase from wild-type A. xylinum ATCC 53582 when such preparations are analyzed by gel electrophoresis and [ 32 P]azido-UDP-glucose labeling (14) . This could happen if the synthesis of these two gene products is regulated such that only one of them is present at any one time. Alternatively, both the AcsAB and AcsAII polypeptides are present in the cell at the same time, yet only the AcsAB polypeptide is preferentially isolated during purification of the cellulose synthase from wildtype cells.
On the basis of the available data, the acsAII gene is clearly not required for cellulose production in vivo. At the same time, this gene is conserved in a number of A. xylinum strains, suggesting that some possible role for acsAII exists. Perhaps the acsAII gene is the ancestral cellulose synthase gene that duplicated and associated with other genes in an operon during the evolution of cellulose biosynthesis in A. xylinum. Although E. coli ORFs homologous to the A. xylinum cellulose biosynthesis genes recently have been identified (32) , the roles of these ORFs in E. coli remain to be determined. However, as more sequences showing homology with the A. xylinum cellulose synthase gene are identified, it will be possible to determine their functions and the roles they play in the biology of diverse organisms. 
